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ABSTRACT

Methods and apparatus are provided for testing an acoustic
device that has multiple transducing elements adapted for
conversion between acoustic and electrical signals. An elec
trical transmission signal is generated. The electrical trans
mission signal is transmitted to a selected transducing ele
ment. An electrical received signal is received from the
acoustic device. A reference signal is generated. A capaci
tance associated with the selected transducing element is
determined from the reference signal. Operational charac
teristics of the selected transducing element are diagnosed
from the determined capacitance and the electrical received
signal.
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APPARATUS AND METHODS FOR TESTING
ACOUSTIC PROBES AND SYSTEMS

0005 There is, therefore, a general need in the art for
apparatus and methods for testing acoustic probes and
systems.

CROSS-REFERENCES TO RELATED
APPLICATIONS

0001. This application is related to the following concur
rently filed, commonly assigned U.S. patent applications,
the entire disclosure of each of which is incorporated herein
by reference in its entirety: “APPARATUS AND METH
ODS FOR TESTING ACOUSTIC SYSTEMS,” by James
M. Gessert et al. (Attorney Docket No. 401.00-000200US)
and APPARATUS AND METHODS FOR INTERFACING
ACOUSTIC TESTING APPARATUS WITH ACOUSTIC

PROBES AND SYSTEMS. by James M. Gessert et al.
(Attorney Docket No. 401.00-000300US).
BACKGROUND OF THE INVENTION

0002 This application relates generally to acoustic
probes and systems. More specifically, this application
relates to apparatus and methods for testing acoustic probes
and systems.
0003 Acoustic imaging techniques have been found to be
extremely valuable in a variety of applications. While medi
cal applications in the form of ultrasound imaging are
perhaps the most well known, acoustic techniques are more
generally used at a variety of different acoustic frequencies
for imaging a variety of different phenomena. For example,
acoustic imaging techniques may be used for the identifi
cation of structural defects, for detection of impurities, as
well as for the detection of tissue abnormalities in living
bodies. All Such techniques rely generally on the fact that
different structures, whether they be cancerous lesions in a
body or defects in an airplane wing, have different acoustic
impedances. When acoustic radiation is incident on an
acoustic interface. Such as where the acoustic impedance
changes discontinuously, it may be scattered in ways that
permit characterization of the interface. Radiation reflected
by the interface is most commonly detected in Such appli
cations, but transmitted radiation is also used for Such

analysis in Some applications.
0004 Transmission of the acoustic radiation towards a
target and receipt of the scattered radiation may be per
formed and/or coordinated with a modern acoustic imaging
system. Many modern Such systems are based on multiple
element array transducers that may have linear, curved
linear, phased-array, or similar characteristics. These trans
ducers may, for example, form part of an acoustic probe. In
Some instances, the imaging systems are equipped with
internal self-diagnostic capabilities that allow limited veri
fication of system operation, but do not generally provide
effective diagnosis of the transmission and receiving ele
ments themselves. Degradation in performance of these
elements is often subtle and occurs as a result of extended

transducer use and/or through user abuse. Acoustic imaging
devices therefore often lack any direct quantitative method
for evaluating either system or probe performance. Users
and technical Support personnel thus sometimes use phan
toms that mimic characteristics of the object under study to
provide a qualitative method for evaluating image quality
and to perform a differential diagnosis between the system
and the transducer array, but this technique is widely rec
ognized to be of limited utility.

BRIEF SUMMARY OF THE INVENTION

0006. In embodiments of the invention, a method is
provided for testing an acoustic device that has a plurality of
transducing elements adapted for conversion between
acoustic and electrical signals. An electrical transmission
signal is generated. The electrical transmission signal is
transmitted to a selected transducing element. An electrical
received signal is received from the acoustic device. A
reference signal is generated. A capacitance associated with
the selected transducing element is determined from the
reference signal. Operational characteristics of the selected
transducing element are diagnosed from the determined
capacitance and the electrical received signal.
0007. The electrical received signal may correspond to an
acoustic signal converted from the electrical transmission
signal and reflected from a target. The electrical transmis
sion signal may comprise a voltage pulse. In one embodi
ment, transmitting the electrical transmission signal com
prises routing the electrical transmission signal through a
relay element configured for selective routing from a chan
nel to a plurality of channels. The electrical transmission
signal may be further routed through an adapter having a
multichannel Switch.

0008. The reference signal may comprise a linear voltage
ramp. In one embodiment, the selected transducing element
comprises a piezoelectric crystal and the reference signal is
generated with a frequency less than a resonant frequency of
the piezoelectric crystal. For example, the reference signal
may have a frequency less than 100 kHz or may have a
frequency less than 10 kHz. In another embodiment, the
resonant frequency of the piezoelectric crystal is between 2
and 10 MHz and the reference signal has a frequency
between 0.5 and 1.5 MHZ.

0009. The capacitance information provides various
diagnostic capabilities. For example, in one embodiment,
the selected transducing element comprises a cable connec
tion and the capacitance derives at least in part from a cable
capacitance of the cable connection. Diagnosing the opera
tional characteristics comprises determining that the capaci
tance arising from the cable capacitance is a fraction of an
expected value. In another embodiment, diagnosis com
prises determining that an amplitude of the electrical
received signal is Substantially Zero and determining
whether the capacitance is consistent with an expected
value.

0010. These methods may be embodied on apparatus for
testing the acoustic device. A transmitter may be provided to
generate the electrical transmission signal. A relay element
may be provided to route the electrical transmission signal
to the selected transducing element. A receiver may be
provided to receive the electrical received signal from the
acoustic device. A waveform generator may be provided to
generate the reference signal with which the capacitance
associated with the selected transducing element is deter
mined. In addition, in some embodiments, a computational
unit may be provided to diagnose the operation character
istics of the selected transducing element from the deter
mined capacitance and the electrical received signal. In other
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embodiments, an adapter may be provided to interface
between the relay element and the transducing elements, the
adapter having a multichannel Switch.
0011. The methods of the invention may also be embod
ied in a computer-readable storage medium having a com
puter-readable program embodied therein for directing
operation of the apparatus. The computer-readable program
includes instructions for operating the apparatus to test an

0027 FIG. 14 is a flow diagram illustrating methods for
testing an acoustic probe or acoustic system in accordance

acoustic device in accordance with the embodiments
described above.

embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

0012. A further understanding of the nature and advan
tages of the present invention may be realized by reference
to the remaining portions of the specification and the draw
ings wherein like reference numerals are used throughout
the several drawings to refer to similar components.
0013 FIG. 1 is a block-diagram representation of an
arrangement used for testing an acoustic probe in accor
dance with embodiments of the invention;

0014 FIG. 2 is a schematic representation of a probe
geometry that may be tested with embodiments of the
invention;

with embodiments of the invention;

0028 FIG. 15 is a block-diagram illustration of an
arrangement used for testing a multiplexing acoustic probe
in accordance with embodiments of the invention; and

0029 FIG. 16 is a flow diagram illustrating methods for
testing a multiplexing acoustic probe in accordance with
DETAILED DESCRIPTION OF THE
INVENTION

1. Introduction

0030 Embodiments of the invention provide apparatus
and methods for testing acoustic probes and systems. Such
acoustic probes and systems are sometimes referred to
herein collectively as "acoustic devices.” While much of the
discussion below specifically discusses apparatus and meth
ods that are Suitable for testing ultrasonic probes and sys
tems, this is intended merely for exemplary purposes and the
invention is not intended to be limited by the operational
frequency characteristics used by the tested probe or system.
As illustrated in further detail below, each of the acoustic

probes and systems that may be tested with embodiments of
the invention includes a plurality of “transducer elements.”
which refers to elements adapted to transmit acoustic radia

0.015 FIG. 3 is a block-diagram representation of a
computational unit on which methods of the invention may
be embodied;
0016 FIG. 4 is a circuit diagram illustrating a receiver

tion and/or to receive acoustic radiation. While such ele

unit used in embodiments of the invention;

“receiver elements' and to “transmitter elements' to distin

0017 FIG. 5A is a circuit diagram illustrating a capaci
tance circuit used in embodiments of the invention;

0018 FIG. 5B illustrates a ramp profile for a pulse used
by the waveform generator of FIG. 5A;
0019 FIGS. 6A and 6B illustrate series and parallel
tuning arrangements of an acoustic probe;
0020 FIG. 7 is a flow diagram illustrating methods for
testing an acoustic probe in accordance with embodiments
of the invention;

0021 FIG. 8 is a schematic representation of an acoustic
element that may be diagnosed in accordance with embodi
ments of the invention;

0022 FIG. 9 is a block-diagram representation of an
acoustic system that may be tested in accordance with
embodiments of the invention;

0023 FIG. 10 is a block-diagram representation of an
arrangement used for testing an acoustic system in accor
dance with embodiments of the invention;

0024 FIGS. 11A and 11B are flow diagrams illustrating
methods for testing an acoustic system in accordance with
embodiments of the invention;

0.025 FIG. 12 is a schematic illustration of an adapter
used by test arrangements in embodiments of the invention;
0026 FIGS. 13A and 13B are circuit-diagram illustra
tions of Switch configurations that may be comprised by the
adapter illustrated in FIG. 12;

ments are referred to generically herein as “transducer
elements.” reference is sometimes also made herein to

guish them on the basis of their functions. Methods of the
invention diagnose operation of the probe or system through
sequential activation of the component transducer elements.
In the case of a probe, Such sequential activation may be
initiated externally while in the case of a system, Such
sequential activation may use a natural operational cycling
of the system.
0031. For example, testing of an acoustic probe in
embodiments of the invention may be performed by placing
the probe in a test fixture in an acoustically conductive
medium with a specular reflector provided at a substantially
uniform distance to all of the transducer elements. Conve

niently, the acoustically conductive medium may comprise
water in an embodiment. The array of transducing elements
comprised by the probe are then activated sequentially so
that acoustic radiation is transmitted through the acoustically
conductive medium towards the specular reflector. While the
sequential activation may take place by activating transduc
ing elements individually, this is not a requirement, and
sequential activation may alternatively be performed simul
taneously with a Subset plurality of the transducing ele
ments. Reflections from the specular reflector are digitized,
and perhaps also amplified, for evaluation of the activated
transducing elements. Selective activation of the transducing
elements may be coordinated by a relay matrix that selec
tively establishes operational connections with the transduc
ing elements.
0032 Testing of an acoustic system in embodiments of
the invention may be performed with a similar relay matrix
for selectively establishing operational connections with
channels comprised by the acoustic system. Connections
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may be established sequentially with the channels, either
individually or in groups. This permits evaluation of a
transmitter circuit comprised by the acoustic system as it is
connected through each channel. In addition, Scattering
operations may be simulated electronically for each channel
by transmission of an echo signal through the sequential
connections. Operation of a receiver circuit comprised by
the acoustic system may thus be evaluated through evalua
tion of image data produced by the acoustic system in
response to the simulated scattering operations.
2. Acoustic-Probe Testing
0033. An overview of embodiments of the invention
suitable for testing an acoustic probe is provided with the
structural diagram of FIG. 1. Testing of a probe may use
signals generated by a transmitter 124. In one embodiment,
Such signals are generated to provide a broadband pulse that
excites all of the transducer elements comprised by the
probe in a Substantially similar manner. For example, the
signal may comprise a Voltage pulse. In a particular embodi
ment Suitable for testing many commercially available
acoustic probes, the signal comprises an approximately
40-ns pulse at a magnitude of about 75 V, which provides
>25 MHz bandwidth.

0034. The signal generated by the transmitter 124 is
routed to a selected one or Subset group of the transducing
elements for conversion into an acoustic signal by a relay
matrix 108 and an adapter 104. In cases where a signal is
routed simultaneously to a Subset group of the transducing
elements, the Subset group may correspond to a group of
neighboring transducing elements. The relay matrix 108
comprises a bidirectional Switching array capable of estab
lishing the desired connections. It is generally desirable for
electrical characteristics of the relay matrix not to impact the
evaluation of the transducing elements. Accordingly, an
array of miniature relays may be preferred in Some embodi
ments over semiconductor-based Switching integrated cir
cuitry to limit capacitive and resistive loads. The relays may
be arranged in groups to limit the number of traces that may
be active at any given time. In addition, a regular circuit
topology may be used to keep the electrical load Substan
tially constant. In one embodiment, a correction factor
determined uniquely for each element may be used to further
reduce measurement errors that may be associated with
electrical loading associated with the relay matrix.
0035) The relay matrix 108 may be considered to perform
a mapping from one channel that corresponds to the trans
mitter 124 to a plurality of channels that are in communi
cation with the adapter 104. The adapter 104 itself may be
configured in accordance with characteristics of the probe to
be tested, allowing connectivity between the relay matrix
108 and probes from a variety of different manufacturers. In
some embodiments, the adapter 104 is configured to provide
a 1:1 mapping from transducing elements of the probe to
channels of the relay matrix 108. Thus, for example, if the
probe has 192 transducing elements, the adapter 104 may
map each of 192 channels from the relay matrix 108 to one
of the transducing elements. In other embodiments
described in further detail below, the adapter 104 is config
ured to provide different schemes for mapping channels
from the relay matrix 108 to transducing elements of the
probe.

0036) During testing, the probe may be secured within a
holder 120 adapted to maintain a fixed distance of each of
the transducing elements from the acoustically reflective
target 116, the assembly of holder 112 and target 116 being
denoted generically with reference numeral 120. The holder
120 may also be equipped with adjustment capabilities,
permitting, for example, the angular orientation of the probe
to be adjusted as desired. In some instances, the reflective
target 116 may comprise a flat surface, but in other instances,
the shape of the target 116 may mimic a shape of the probe
to compensate for positions of the transducing elements
according to the probe shape. This is illustrated is FIG. 2 for
a probe 200 that has a curved tip. The curvature of the probe
tip is compensated for by a curvature of the reflective target
116', the curved portion of the probe tip and the reflective
target 116" having a common center of curvature 204.
0037. The transducing elements of the probe act to con
vert the signal generated by the transmitter 124 into an
acoustic signal that is reflected from the target 116. The
reflected acoustic signal is received by one of the transduc
ing elements of the probe and converted into an electrical
signal, which is routed back through the adapter 104 and
relay matrix 108. The converted signal is received by a
receiver 136, which may include an attenuator to reduce
pulse amplitude, and transmitted to an analog-to-digital
converter 140. In one embodiment the receiver has an output
between 0 and 1 V and has a 1-dB bandwidth of about 10

MHz. The analog-to-digital converter 140 may advanta
geously be adapted to accommodate high Sample rates in
order to accurately sample the acoustic signals. In one
embodiment, the analog-to-digital converter 140 is adapted
to accommodate sample rates of at least 100 MHz. At such
a rate, at least ten samples may be retrieved per cycle on a
10-MHZ probe. In some instances, the analog-to-digital
converter 140 may additionally include a video-frame-cap
ture capability to permit capturing of an ultrasonic image for
further use as described below. The output of the analog
to-digital converter 140 is routed to a computational unit 132
for analysis and/or display, in Some instances through an
intermediary first-in-first-out (“FIFO) memory 144 to
account for the high speed of the analog-to-digital converter
140.

0038. The computational unit 132 may comprise any
device having processing capability Sufficient to analyze
data received from the analog-to-digital converter 140 in
accordance with embodiments of the invention. For

example, the computational unit 132 may comprise a per
Sonal computer, a mainframe, or a laptop, whose mobility
makes it especially convenient. The dashed lines in FIG. 1
illustrate that, in addition to receiving data for analysis, the
computational unit 132 may be configured to control each of
the components comprised by the testing apparatus.
0039 FIG. 3 provides a schematic illustration of a struc
tural arrangement that may be used to implement the com
putational unit 132. FIG. 3 broadly illustrates how indi
vidual elements of the computational unit 132 may be
implemented in a separated or more integrated manner. The
computational unit 132 is shown comprised of hardware
elements that are electrically coupled via bus 326, including
a processor 302, an input device 304, an output device 306,
a storage device 308, a computer-readable storage media
reader 310a, a communications system 314, a processing
acceleration unit 316 such as a DSP or special-purpose
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processor, and a memory 318. The computer-readable stor
age media reader 310a is further connected to a computer
readable storage medium 310b, the combination compre
hensively representing remote, local, fixed, and/or
removable storage devices plus storage media for tempo
rarily and/or more permanently containing computer-read
able information. The communications system 314 may
comprise a wired, wireless, modern, and/or other type of
interfacing connection and permits data to be exchanged
with external devices as desired.

0040. The computational unit 132 also comprises soft
ware elements, shown as being currently located within
working memory 320, including an operating system 324
and other code 322. Such as a program designed to imple
ment methods of the invention. It will be apparent to those
skilled in the art that substantial variations may be made in
accordance with specific requirements. For example, cus
tomized hardware might also be used and/or particular
elements might be implemented in hardware, software
(including portable software. Such as applets), or both.
Further, connection to other computing devices such as
network input/output devices may be employed. Connec
tions between the computational unit 132 and the various
components of the testing apparatus may use any Suitable
connection, Such as a parallel-port connection, a universal
serial-bus (“USB) connection, and the like.

0041 An explicit example of a circuit structure that may
be used for the receiver 136 in one embodiment is illustrated

in FIG. 4. In this example, the receiver 136 comprises an
attenuator 412 to reduce pulse amplitude and provide input
protection for the receiver as well as a variable-gain ampli
fier 404. A typical range for the variable-gain amplifier 404
may be -20 to +60 dB, although a narrower range. Such as
+6 to +30 dB may be adequate for testing many commer
cially available probes. The variable-gain amplifier 404 may
be controlled by the computational unit 132, with a digital
to-analog converter 408 being used to convert instructions
from the computational unit 132. In one embodiment, the
variable-gain amplifier 404 is configured such that a linear
change in Voltage corresponds to a logarithmic change in
ga1n.

0042. The configuration described in connection with
FIGS. 1-4 is sufficient in many instances to permit a
diagnosis of transducing-element operation in acoustic
probes. For example, receipt of a signal during cycling
through the transducer elements when correlated with a time
of interrogation indicates that a specific element is function
ing correctly, while failure to receive a signal indicates that
that element is not functioning correctly. In several embodi
ments, this information is augmented by analyzing the
capacitance of elements in the system to provide additional
useful diagnostic information. The capacitance analyses
make use of a waveform generator 128, also shown in FIG.
1 as being under the control of the computational unit 132.
0043. A circuit structure of the waveform generator 128
is illustrated for a particular embodiment in FIG. 5A. A
waveform is generated digitally by a counter 504, with the
waveform having a variation in Voltage AV over time At,
thereby defining a capacitance

i

(AV 1A)
The waveform is converted with a digital-to-analog con
verter 508 and amplified with an amplifier 512. The wave
form is transmitted onto the channel 524 that feeds to the

relay matrix with a source resistance 520 used to drive the
probe and with an instrumentation amplifier 516. A suitable
value for the source resistance 520 in a particular embodi
ment is approximately 10 kS2. While the invention is not
limited to a specific shape for the capacitance-defining
waveform, it may conveniently take the form of a linear
ramp function 532 such as shown in FIG. 5B, thereby
providing a constant capacitance. Merely by way of
example, the voltage increase of the waveform could be
AV=4.096 V over a time period of At=409.6 us, thereby

providing a capacitance of C=i/10. F.

0044) For the simplest probe structure, the capacitance of
each of the transducing elements may thus be determined
during interrogation of that element by generating the wave
form and measuring the resulting current i. In some
instances, this method may be complicated by a probe
structure that provides an additional significant source of
capacitance. In particular, each transducing element may
comprise a piezoelectric crystal used to perform electrical
acoustic conversions. The probe may supply energy to each
Such piezoelectric crystal with a coaxial cable that has an
intrinsically high capacitance. Accordingly, Such probe
manufacturers often use a tuning circuit to tune out the
capacitance of the coaxial cable and thereby permit effective
energy coupling into the piezoelectric crystal. Any Suitable
tuning circuit known to those of skill in the art may be used,
Such as with a standard second-order tuned circuit. The

tuning circuit typically comprises an inductive element,
which may be provided in series or in parallel with the
piezoelectric crystal. Methods of the invention may account
for the specific configuration of the tuning circuit in different
embodiments.

0045. The electrical structure of a series-inductor tuned
probe 604 is illustrated in FIG. 6A. Energy is coupled into
the piezoelectric crystal 610 comprised by each transducing
element with a coaxial cable 608. The circuit for tuning out
the capacitance of the coaxial cable 608 comprises an
inductive element 612 provided in series with the piezoelec
tric crystal 610, and may also include a resistive element
(not shown), usually provided in parallel with the piezoelec
tric crystal 610. Testing of such a series-inductor tuned
probe 604 may thus be performed in a manner similar to that
used for an untuned probe. In particular, the waveform
generator 128 may provide a low-frequency waveform, i.e.
such as on the order of less than 10 kHz or less than 100 kHz

depending on the embodiment, and the resulting current i
measured. The capacitance is then determined from the ratio
of the current i to the time rate of change of voltage in the
waveform.

0046 Use of such a low-frequency waveform may be less
effective for a parallel-inductor tuned probe 606 such as
illustrated in FIG. 6B. In this instance, the tuning circuit
comprises an inductive element 612 provided in parallel
with the piezoelectric crystal 610', and may also include a
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resistive element (not shown), usually also provided in
parallel with the piezoelectric crystal 610'. With such an
arrangement, a low-frequency waveform on the order of less
than 100 kHz results in a small inductive reactance. Accord

ingly, in some embodiments, a higher frequency is used for
the waveform. This frequency is chosen to be outside the
active range of the piezoelectric crystal to avoid spuriously
interfering with the operation of the probe, such as below a
resonant-frequency range of the piezoelectric crystal. For
example, if the piezoelectric crystal has a resonant frequency
in the range of 2-10 MHz, which is common for ultrasonic
applications, the frequency of the waveform may be in the
range of 0.5-1.5 MHz, such as at approximately 1.25 MHz.
0047 Methods that may be used by the arrangements
described in connection with FIGS. 1-6B to test the opera
tion of a probe are thus summarized with the flow diagram
of FIG. 7. While the flow diagram is provided with a
specific ordering, it will be appreciated that there is no
requirement that this ordering be followed. In alternative
embodiments, functions may be performed simultaneously
even if they are shown separately in FIG. 7, and may be
performed in a different order than the specific example
shown in FIG. 7. At block 704, the method begins by
selecting a first transducer of the probe to be interrogated.
The selected transducer may be selected according to a
routing defined by the relay matrix 108 and coupled opera
tionally to the selected transducing elements through the
adapter 104. This routing is used to transmit an electrical
transmission signal generated at block 708 and a reference
waveform generated at block 712 to the selected transducing
element. The transducing element acts to convert the elec
trical transmission signal to an acoustic transmission signal
at block 716. After the acoustic transmission signal is
reflected from the target at block 720 and received at block
724, it is converted to an electrical received signal.
0.048. This same procedure is performed sequentially for
each of the transducing elements. This is indicated at blocks
732 and 736 where a check is made whether all transducing
elements have been interrogated, and the next transducing
element being selected if they have not been. Once interro
gation of all the transducing elements comprised by the
probe has been completed, the collected data are analyzed to
diagnose whether any of the transducing elements is failing
to operate within normal parameters. A comparison of the
amplitudes of the received signals at block 740 provides a
broad measure of whether there is a defect associated with

any of the transducing elements; this is usually indicated by
lack of a received signal, which identifies a corresponding
defect, although a Substantially reduced amplitude may also
provide a similar indication.
0049 More detailed diagnostic information is provided
by a comparison of capacitance associated with the interro
gation of each of the transducing elements with the reference
waveform, as performed at block 744. The diagnostic value
of Such capacitance determinations may be illustrated with
some examples, which are provided herein merely for illus
trative purposes and are not intended to limit the scope of the
invention; other diagnostic capabilities resulting from the
capacitance determinations will be evident to those of skill
in the art after reading this description.
0050. A first example may be understood with reference
to FIG. 8, which provides a schematic illustration of a
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structure that may be used for one of the transducing
elements 800. The transducing element comprises a backing
816 over which the piezoelectric crystal 812 is provided. An
acoustic lens 804 provided over the piezoelectric crystal 812
provides electrical isolation of the piezoelectric crystal 812
and acoustic impedance matching. A defect in the operation
of the transducing element 800 may result from different
types of conditions that may be discriminated by the capaci
tance determinations. For example, the defect may result
from delamination of the acoustic lens 804 from the piezo
electric crystal 812. This condition is manifested by lack of
an electrical received signal concomitant with Substantial
matching of the capacitance of the particular transducing
element with the capacitance of fully functioning transduc
ing elements. The defect may alternatively result from
cracking or other damage to the piezoelectric crystal 812.
This condition is manifested by lack of an electrical received
signal concomitant with a failure of the capacitance of the
particular transducing element to match the capacitance of
fully functioning transducing elements.
0051. In another example, the capacitance determinations
may be used to identify defects associated with the coaxial
cables used to couple energy to the respective piezoelectric
crystals. The capacitance determination is a particularly
useful discriminant for Such defects because it is approxi
mately proportional to the distance along the cable where the
defect occurs. Thus, if interrogation of a particular trans
ducing element results in no capacitance, the respective
cable may not be connected with that transducing element.
If interrogation of that transducing element results in a
capacitance that is half what is otherwise expected for a
properly functioning transducing element, the respective
cable may be broken or otherwise damaged approximately
halfway along the length of the cable.
3. Acoustic-System Testing
0052 Embodiments of the invention may be used for
testing the operation of a variety of different acoustic sys
tems. These embodiments are illustrated with a type of
acoustic system shown Schematically with the structural
diagram of FIG. 9, although it will be evident to those of
skill in the art after reading this description that the methods
and apparatus of the invention may alternatively be used for
operational diagnosis of other types of acoustic systems. The
components shown for the acoustic-system structure in FIG.
9 are shared by a large number of different acoustic systems,
although specific systems may have these components orga
nized differently.
0053. The acoustic system 900 includes a multichannel
interface 902 that is in communication with receiver 904 and

transmitter 908 components. The receiver 904 and transmit
ter 908 are configured for conversion between electrical and
acoustic signals so that investigation of an object may be
performed by irradiating the object with the acoustic signals
but performing analysis with the electrical signals. Thus, the
receiver 904 may include components that convert acoustic
signals to electrical signals while the transmitter 908 may
conversely include components that convert electrical sig
nals to acoustic signals. Generally, each of the receiver 904
and transmitter 908 are configured with multichannel capac
ity. The receiver 904 may be provided in communication
with an amplifier 912 and analog-to-digital converter 916 to
accommodate acoustic signals that may be attenuated after
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scattering by the object by amplifying and digitizing the
converted electrical signals. Thus, after digitization, differ
ences between the received and transmitted electrical signals
provide information derived from scattering of the corre
sponding acoustic signals from the object.
0054 The multichannel information provided from the
multichannel interface 902 is accommodated by a receive
beam former 920 and a transmit beam former 924, each of

which is respectively configured for adding contributions
from a plurality of elements comprised by the receiver and
transmitter elements 904 and 908. The receive and transmit

beam formers 920 and 924 include array phasing capability
to be applied respectively for the received and transmitted
signals. The acoustic system 900 may include a capacity for
displaying an image, which is typically viewed by an
operator trained in evaluating acoustic images so that fea
tures of interest in the object, such as medical pathologies in
an organ, may be identified. The image is generated by a
scan converter 932 provided in communication with the
receive and transmit beam formers 920 and 924 and trans

mitted to a display 928 for rendering.
0.055 The testing methods and apparatus provided by
embodiments of the invention may be used to diagnose the
operational behavior of acoustic systems such as that
described in connection with FIG. 9. In particular, embodi
ments of the invention permit defects to be identified in the
operation of individual receiver and transmitter elements.
Such defects are often not immediately apparent in the
image provided on the display 928 because the image is
derived from multiple elements. Nevertheless, the absence
of information from a defective element may result in subtle
distortions of the image that may lead to incorrect analyses
of the object under study. An overview of embodiments of
the invention suitable for testing the acoustic system 900 is
provided with the structural diagram of FIG. 10. Similar to
the apparatus used for acoustic-probe testing, the acoustic
system testing apparatus includes a relay matrix 108
adapted to perform signal mapping from one channel to a
plurality of channels in communication with an adapter 104.
For interrogation of channels within the system, a multi
channel connection interface 1016 may be provided between
the adapter 104" and the acoustic system 900.
0056. In one embodiment, the natural cycling of the
acoustic system 900 through its multiple channels is used to
evaluate operation of transmitter elements. Signals gener
ated by elements of the transmitter 908 are collected by the
adapter 104 through the connection interface 1016 and
provided to the relay matrix 108. The relay matrix 108' is
configured for discrimination of individual channels
received from the adapter 104' in the same manner described
above for probe testing. Signal corresponding to the selected
channels are provided to an analog-to-digital converter
1032, perhaps after attenuation and/or amplification by an
attenuator 1034 and/or amplifier 1028. The digitized signals
are provided to a computational unit 136', which thus
systematically identifies whether a signal has been received
from each of the transmitter elements comprised by the
acoustic system 900.
0057. In another embodiment, operation of the receiver
elements may be evaluated by providing synthesized echo
information back into the acoustic system 900. In response
to a transmit signal received by the adapter 104 from the

acoustic system 900 through the connection interface 1016,
a trigger generator 1020 activates an echo synthesizer 1024,
which generates a signal to be routed back into the acoustic
system 900 for receipt by the receiver 904. Specific channels
corresponding to different elements comprised by the
receiver 904 are selected according to a configuration of the
relay matrix 108' and the echo signal output from the relay
matrix 108 is transmitted with the adapter 104 to the
acoustic system 900. In this way, the echo signal is directed
to a specific element comprised by the receiver 904, causing
a dot to be displayed on the display 928 for each beam that
that element is used on. A defective channel may thus be
characterized by the absence of an expected line on the
display. Such absence may be identified by a human opera
tor, although in other embodiments a frame-capture device
is interfaced with the video output to detect the presence or
absence of lines automatically. In an alternative embodi
ment, Doppler information may be analyzed to identify
defective channels. The relay matrix 108 may be cycled
through each of the channels corresponding to all elements
comprised by the receiver 904 to evaluate the operation of
each of those elements. The components of the acoustic
system testing apparatus may be controlled by a computa
tional unit 136' in a similar fashion to the control provided
for the acoustic-probe testing apparatus.
0.058 FIGS. 11A and 11B thus provide flow diagrams to
Summarize methods that may be used for testing an acoustic
system in accordance with embodiments of the invention.
FIG. 11A provides a flow diagram for testing operation of
a transmitter comprised by the acoustic system by using the
natural cycling of the acoustic system through different
transmission channels. Thus, at block 1104, the acoustic

system activates a first of a plurality of transmitter elements
comprised by the transmitter as part of Such cycling. At
block 1108, the transmission signal generated by the acti
vated transmitter element is received. A check is made at
block 1112 whether all of the transmitter elements have been

activated, i.e. whether a full cycle of the acoustic system has
been completed. If not, the method waits for the acoustic
system to activate the next transmitter element at block 1116
so that the transmission signal for that transmitter element
may be received. After at least one full cycle has been
completed, a comparison is performed of the amplitude of
the different transmission signals. Absence of a signal or
other significant deviation of the amplitude of the signal
from the amplitude of the other signals is indicative of a
defect associated with the corresponding transmitter ele
ment.

0059 FIG. 11B provides a flow diagram for testing
operation of a receiver comprised by the acoustic system by
using the echo-synthesis components described above. In
this instance, systematic interrogation of channels in the
acoustic system is coordinated externally. Thus, at block
1124, the first channel to be interrogated is selected. An echo
signal is generated at block 1128 and transmitted to the
acoustic system at block 1132. Display data corresponding
to the echo signal is captured at block 1136, with the method
looping as indicated at blocks 1140 and 1144 until all
channels have been interrogated. At block 1148, defective
receiver elements are identified from image data generated
by the acoustic system, Such as by identifying the presence
or absence in the image data of lines corresponding to
specific receiver elements.
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0060. In some embodiments, a capacitance analysis may
be added to the methods described above for testing an
acoustic system. Such an analysis may be performed in a
manner similar to that described above for acoustic-probe
testing by configuring a waveform generator to supply a
waveform that may be used to determine the capacitance of
the transmitter and/or receiver elements. Knowledge of the
capacitance may be used as described above to limit the type
of defect identified more narrowly.
4. Adapter Configurations
0061 There are a variety of different adapter configura
tions that may be used in different embodiments of the
invention, some of which are described in detail herein.

According to one embodiment, illustrated in FIG. 12, the
adapter 104" includes internal switching capability in the
form of an internal N-channel switch 1204. Inclusion of such

capacity provides an economical way of increasing the
channel capability of the testing apparatus.
0062 Merely by way of example, consider the case
where the testing apparatus is to be used to test a 192
channel probe or system. In Such instances, interfacing the
192 channels through the adapter with the relay matrix 108"
may be accomplished with, say, a 260-pin Zero-insertion
force (“ZIF) connector 1208. Such connectors are readily
available commercially at reasonable cost and have Sufi
cient numbers of pins to accommodate the 192 channels as
well as power connections, ground connections, computer
connections, and the like. If the testing apparatus is then to
be used to test a 256-channel probe or system, the capacity
of the connector 1208 is insufficient. Replacement of the
260-pin ZIF connector with a larger connector greatly
increases the overall cost of the apparatus and makes inven
tory control difficult because Such larger connectors are
considerably more costly and have poor distribution avail
ability.
0063. These disadvantages are avoided by including the
N-channel switch 1204 in the adapter. Referring again to the
example above, a 256-channel probe or system may be
tested with the apparatus even with a 260-pin ZIF connector
1208 since some of the mapping of channels may be
performed by a 64-channel switch 1204. In the case of a
probe test, the imposed interrogation channel may be
selected by a combination of routing through the relay
matrix 108" and the N-channel switch 1204. In the case of

a system test, use of the natural system cycling may simi
larly be accommodated by a combination of routing through
the relay matrix 108" and the N-channel switch 1204.
0064. There are a variety of configurations that may be
used to implement the N-channel switch 1204. For example,
FIG. 13A illustrates an embodiment in which a plurality N
of single-channel Switches are used directly to implement
the N-channel switch 1304, with one terminal of each of the

single-channel Switches being connected together electri
cally. In another embodiment, illustrated in FIG. 13B.
single-channel Switches are electrically connected in a tree
arrangement to form the N-channel switch 1308. The tree
arrangement defines banks of single-channel Switches Such
that at any time no more that one bank is active. For
example, banks may be provided that have only sixteen,
eight, or some other appropriate number of single-channel
Switches. Although the total number of single-channel
Switches in Such an embodiment may be greater than N, this
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configuration limits the capacitance associated with the
adapter 104, which might otherwise interfere with the capa
bility of the testing apparatus to make accurate measure
ments. The tree arrangement is thus particularly useful in
embodiments where capacitance determinations are used as
part of the acoustic probe or system diagnosis.
0065 FIG. 14 provides a flow diagram that summarizes
how use of an adapter comprising an N-channel Switch may
be integrated into a method for testing an acoustic probe; it
will be evident to those of skill in the art that it may similarly
be integrated into a method for testing an acoustic system.
In this embodiment, the adapter 104" may substitute for the
adapter 104 in FIG. 1. At block 1404, a first channel is
selected for interrogation. The electrical transmission signal
to be used for the interrogation is generated at block 1408.
The electrical transmission signal is routed to the selected
channel through a combination routings through a relay
matrix and a Switch in the adapter respectively at blocks
1410 and 1412. A transducing element comprised by the
acoustic probe that corresponds to the selected channel
converts the electrical transmission signal to an acoustic
transmission signal at block 1416. After the acoustic trans
mission signal has been reflected from a target at block 1420,
it is received at block 1424 and converted to an electrical

received signal at block 1428. Data are collected in this
manner by interrogating all channels of the probe, as indi
cated with the looping blocks 1432 and 1436, so that a
comparison may be made of the relative amplitudes of the
received signals at block 1440 to analyze the operation of the
probe as described above. The order of the blocks presented
in FIG. 14 is intended to be exemplary and not limiting:
other orders for the functions described may alternatively be
used without exceeding the intended scope of the invention.
Furthermore, other diagnostic aspects may be incorporated
into the method described with respect to FIG. 14, such as
the use of capacitance determinations described previously.
0066. In another embodiment, an adapter may be pro
vided for methods and apparatus used in testing a multi
plexing acoustic probe. As used herein, a “multiplexing
acoustic probe' refers to an acoustic probe that is equipped
with internal switching capability to allow the probe itself to
map a greater number of transducing elements on the probe
to a smaller number of channels. Such a multiplexing
capability permits the internal Switching capability to act as
a Surrogate for a larger number of channels that need be
accommodated on a nonmultiplexing acoustic probe with
the same element capacity. The structure of Such a probe is
illustrated schematically in FIG. 15, which shows more
generally how embodiments of the invention may be used to
test the operation of Such a probe.
0067. The multiplexing acoustic probe 1504 includes a
switch matrix 1508 that performs the mapping from the
input channels onto the greater number of transducing
elements. In addition to an interface 1512 for communicat

ing information over the input channels between the Switch
matrix 1508 and an adapter 104", interfaces 1516 and 1520
may be included for providing Switch-selection information
from the adapter 104" to the switch matrix 1508 and for
providing power from the adapter 104" to the switch matrix
1508. As in other embodiments, the adapter 104" is pro
vided in communication with a relay matrix 108" config
ured to route signals selectively to perform methods of the
invention. While for convenience only the adapter 104" and
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relay matrix 108" are explicitly shown in FIG. 15, the
apparatus may additionally include other components
described in connection with FIG. 1.

0068 FIG. 16 provides a flow diagram illustrating a
method for testing a multiplexing acoustic probe in accor
dance with an embodiment. At block 1604, a first transduc

ing element comprised by the multiplexing acoustic probe is
selected for interrogation. The electrical transmission signal
to be used for the interrogation is generated at block 1608,
and is routed to the selected transducing element. Such
routing may be performed in part by the relay matrix 108"
and in part by the adapter 104" if it is equipped with internal
Switching capability. In addition, the routing to the selected
transducing element is performed at least in part by the
switch matrix 1508. This may include transmitting switch
selection information to the switch matrix 1508 at block

1612, providing power to the switch matrix 1508 at block
1620, and then routing the electrical transmission signal
through the switch matrix 1508 at block 1624. The selected
transducing element responds to the electrical transmission
signals by converting it to an acoustic signal at block 1628
that may be reflected from a target at block 1632. After
receiving the reflected acoustic signal at block 1636, it is
converted to an electrical received signal at block 1640. This
technique is used to collect data corresponding to all the
transducing elements of the multiplexing acoustic probe, as
indicated by blocks 1644 and 1648, allowing a comparison
of relative amplitudes to be made at block 1652 to analyze
the functionality of the transducing elements. The functions
illustrated in FIG. 16 are not exhaustive, nor is the order in

which they are presented necessary. For example, other
diagnostic aspects may be incorporated, such as the use of
capacitance determinations described previously, and the
order of the functions may be changed without exceeding
the intended scope of the invention.
0069. It is evident that the methods and apparatus
described above provide specific information regarding the
characteristics and behavior of individual acoustic probes
that may be collected by the computational unit. This
information may be used to define a probe-identification
catalog so that automatic probe identification is performed
when the apparatus is connected with the probe.
0070 Having described several embodiments, it will be
recognized by those of skill in the art that various modifi
cations, alternative constructions, and equivalents may be
used without departing from the spirit of the invention.
Accordingly, the above description should not be taken as
limiting the scope of the invention, which is defined in the
following claims.
1.-13. (canceled)
14. Apparatus for testing an acoustic device having a
plurality of transducing elements adapted for conversion
between acoustic and electrical signals, the apparatus com
prising:
a transmitter adapted to generate an electrical transmis
Sion signal;
a relay element adapted to route the electrical transmis
sion signal to a selected transducing element;
a receiver adapted to receive an electrical received signal
from the acoustic device; and

a waveform generator adapted to generate a reference
signal with which a capacitance associated with the
Selected transducing element may be determined.
15. The apparatus recited in claim 14 further comprising
a computational unit configured to diagnose operational
characteristics of the selected transducing element from the
determined capacitance and the electrical received signal.
16. The apparatus recited in claim 14 wherein the elec
trical received signal corresponds to an acoustic signal
converted from the electrical transmission signal and
reflected from a target.
17. The apparatus recited in claim 14 wherein the trans
mitter is adapted to generate the electrical transmission
signal in the form of a Voltage pulse.
18. The apparatus recited in claim 14 further comprising
an adapter adapted to interface between the relay element
and the transducing elements, the adapter having a multi
channel Switch.

19. The apparatus recited in claim 14 wherein the wave
form generator is adapted to generate the reference signal in
the form of a linear Voltage ramp signal.
20. The apparatus recited in claim 14 wherein:
the selected transducing element comprises a piezoelec
tric crystal; and
the waveform generator is adapted to generate the refer
ence signal with a frequency less than a resonant
frequency of the piezoelectric crystal.
21. The apparatus recited in claim 14 wherein the selected
transducing element comprises a plurality of selected trans
ducing elements.
22. A computer-readable storage medium having a com
puter-readable program embodied therein for directing
operation of an apparatus including a transmitter, a relay
element, a receiver, a waveform generator, and a computa
tional unit, wherein the computer-readable program includes
instructions for operating the apparatus to test an acoustic
device having a plurality of transducing elements adapted
for conversion between acoustic and electrical signals in
accordance with the following:
generating with the transmitter an electrical transmission
signal;
transmitting with the relay element the electrical trans
mission signal to a selected transducing element;
receiving with the receiver an electrical received signal
from the acoustic device;

generating with the waveform generator a reference signal
with which a capacitance associated with the selected
transducing element may be determined; and
diagnosing with the computational unit operational char
acteristics of the selected transducing element from the
determined capacitance and the electrical received sig
nal.

23. The computer-readable storage medium recited in
claim 22 wherein the computer-readable program includes
instructions for generating the electrical transmission signal
in the form of a Voltage pulse.
24. The computer-readable storage medium recited in
claim 22 wherein the apparatus further includes an adapter
having a multichannel Switch, the computer-readable pro
gram further including instructions for transmitting the
electrical transmission signal through the adapter.
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25. The computer-readable storage medium recited in
claim 22 wherein the computer-readable program includes
instructions for generating the reference signal in the from of
a linear Voltage ramp signal.
26. The computer-readable storage medium recited in
claim 22 wherein:

the selected transducing element comprises a cable con
nection, the capacitance deriving at least in part from a
cable capacitance of the cable connection; and
the computer-readable program includes instructions for
diagnosing operational characteristics by determining
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that the capacitance arising from the cable capacitance
is a fraction of an expected value.
27. The computer-readable storage medium recited in
claim 22 wherein the computer-readable program includes
instructions for diagnosing the operational characteristics
by:
determining that an amplitude of the electrical received
signal is Substantially Zero; and
determining whether the capacitance is consistent with an
expected value.

